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SUMMARY

The safe return of a vehicle from a lunar mission involves consider-

ation of deceleration, heat, and range control. This paper examines

each with the objective of defining desirable types of entry maneuvers

and the degree of maneuverability required for the lunar mission.

Two types of vehicle control, variable-pitch and variable-roll,

are analyzed.

The ranges obtainable under optimum conditions are compared with

those obtained from pilot simulator studies. It is found that artificial

damping about all three vehicle axes is necessary to achieve acceptable

range control, although successful entries may be achieved in its absence.

A vehicle, having an L/D capability of 1/2, without aerodynamic

controls (i.e., utilizing the roll control mode with reaction jets) is

an adequate solution to the problem of safe reentry from a lunar mis-

sion if an entry corridor 35 miles in width is acceptable.

INTRODUCTION

The safe return of a vehicle from a lunar mission involves primary

consideration of deceleration loads, heat loads, and longitudinal and

*Aerospace Technologist.
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lateral range attainable from any atmospheric entry point irh t

reentry corridor. That such a mission i3 feasible has eer, 'nown by

many previous investigators (refs. 1 to 24). These researches nave r- cn

primarily directed towards study of the two prime survival factor_ -

deceleration and heating. Prior to the study conducted by Bec.ker t al.

(ref. 25) few investigators had considered the problem of maneuverin.,7

a vehicle to a particular destination from any point in the reentry

corridor.

Deceleration and heating will be briefly considered here, primarily

to demonstrate the effectiveness of aerodynamic maneuvering in redlcing

the magnitude of such loads. Aerodynamic maneuvers associated with lon-

gitudinal and lateral range control will be studied with the objective

of defining the more desirable reentry maneuvers for a typical lunar

vehicle. The skipping reentry mode will also be considered to dctermine

the effectiveness of extra-atmospheric trajectories in range control.

Primary emphasis has been placed on a vehicle having a maximum

lift-drag ratio of 1/2 and a weight parameter W of 50 lb/sq ft.
('D

Various maneuvers will be studied and compared as to the ranges attain-

able for a vehicle of this type. Vehicle guidance has been considered

primarily in an attempt to provide, in a preliminary way, the answer to

two questions: Can a human pilot perform the maneuvers considerei here?

and can a human pilot achieve the maximum and minimum longitudinal

ranges attainable by the methods described here?
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SYMBOLS

A reference area

CD drag coefficient based on A

CL lift coefficient based on A

D drag, component of resultant force along flight path

acceleration due to gravity at earth's surface

resultant acceleration, D 1 + (L/D) 2

h altitude

z lateral range measured normal to initial entry plane

L lift, component of resultant force normal to flight path

m mass

q dynamic pressure, DV2/2

r, mean raaiuc: of earth

raInge

time

V V ioci ty

VV a". the end of initial pull-up and start of range-control

maI11nfe ve 2

V_-" V, vri ;-:, at ;!, urt -rni: n of constamt q tranition maneuver

(It.fined on fig. ' )

W gross weight. of' vehl> ]."-
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path angle with respect to horizontal

7i reentry path angle at 400,000-foot altitude

p atmospheric density

0 roll angle (zero for unbanked vehicle)

01 roll angle at start of range-control maneuver

TYPICAL ENTRY

Two types of reentry trajectories were considered for the lunar

mission: "uncontrolled" and "controlled." In the so-called "uncon-

trolled" reentry, as shown in figure 1, the vehicle enters the atmosphere

at a trimmed attitude and maintains this value of L/D throughout the

reentry period. The only control allowable is that the trim attitude

and hence the L/D may be selected and set prior to entry into the

atmosphere. This mode of reentry generally involves large skips out-

side the atmosphere as indicated.

The "controlled" reentry trajectory indicated in figure 1 is one

in which the vehicle attitude is varied to maintain control over the

trajectory. For instance, the trajectory may be controlled so as to

reduce the peak deceleration and to land the vehicle at a preselected

point.

UNCONTROLLED REENTRY

A systematic survey was conducted of vehicles which maintain a

fixed lift-drag ratio during the reentry period. If a lOg deceleration



limit is chosen for the undershoot boundary and a maximum skip apogee

of 400 miles is taken as the overshoot boundary to avoid the inner

radiation belts, a severe restriction is placed on the usable vehicle

L/D as shown in figure 2. Here it is seen that the L/D cannot exceed

0.48. Also, the maximum reentry corridor width is approximately 15 miles

and occurs at an L/D of 0.2. Another very serious limitation for this

type of reentry is the range dispersion, of the order of 1,000 miles,

resulting from uncertainties of atmosphere, vehicle aerodynamics, and

initial atmospheric entry point. Therefore, it is concluded that con-

trol over the reentry trajectory must be utilized if reasonable range

control is to be attained.

MODULATED REENTRY PJ-LL-UPS

The reentry corridor may be extended on the lower side if control

of the vehicle is utilized during the initial pull-up to reduce the

maximum deceleration load during this critical reentry period, i.e., a

steeper reentry path is permissible for a given g limit. On the upper

side, the corridor can be widened somewhat by use of negative lift ini-

tially, followed by a roll maneuver and variable positive lift. It was

found that using the maximum modulation technique to reduce g loads

had appreciable effect on the range control maneuvers initiated after

pull-up.

There are two ways in which the g schedule and reduction of

peak g may be accomplished: by variation of the vehicle pitch attitude
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or by variation of vehicle geometry. In general, much larger change:

in vehicle geometry than have been considered practical are necessary

to achieve the same peak g reduction as that obtained by modulation

of the vehicle attitude. Grant's method of attitude modulation (ref. 7)

is comparatively simple and may be controlled either by the pilot or

automatically. In figure 3, this method has been utilized to reduce the

peak deceleration load for a vehicle having a lift-drag ratio of 1/2,

entering the atmobphert at the attitude for maximum lift coefficient.

In the example shown here a maximium g load of 12.9g's is obtained

if no control over the vehicle attitude is exercised. The peak g load

may be decreased by modulation of vehicle attitude from that for maximum

lift towards that for minimum drag. If it is desired to reduce the

maximum g to 10, it is necessary to modulate the lift from Clma

to (L/D) max. A maximum decrease in maximum g from 12.9 to 7 is

obtainable by modulation to C~min.

The effect of attitude modulation on the reentry trajectory is

indicated by the altitude range curve of figure . It is seen that

attitude modulation results in the vehicle diving deeper into the atmos-

pherte, producing a decrease in velocity. For instance, the vEloity at

the bottom of the pull-up is about 50,000 ft/sec for the urnmodulated

case as compared to 28,000 ft/sec for the maximum modulatlorn case. This

result.- in drastic range capatility reluctions for m-aximum moiuiatior

artf -. l;o in some aggravation of the catir; probtlm. It is thus con-

, lu'P that maximum modulation shouli be utilizei only for -mergency
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reentry conditions. Modulation from C to (L/D),a x  has been

selected as the practical limit for the attitude modulation technique.

REENTRY CORRIDOR BOUNDARIES

The trajectory characteristics during the initial entry pull-up

obviously have a significant influence on the entrance angle limits for

a single pass entry. Figure 4 indicates the reentry corridor overshoot

and undershoot boundaries obtainable for various initial entry maneuvers.

For a lOg limited undershoot boundary the maximum benefits of lift for

unmodulated entry are realized at an L/D of 1/2. It is seen that

modulation of vehicle lift and drag to reduce the resultant deceleration

loads yields much higher available entry angles than for the uncontrolled

case. For the practical modulation case appreciable benefits occur only

for L/D greater than about 1/2.

The three overshoot boundaries shown are somewhat dissimilar in

nature. For the uncontrolled case with a skip limitation of 400 miles

only a very narrow corridor is available and that for L/D < 0.48. A

much deeper corridor is available for a vehicle which has the capability

of maneuvering to prevent or control the skip after initial entry at

+(L/D)max. A still greater corridor width is attainable for a vehicle

utilizing maximum negative lift during the initial reentry maneuver to

avoid a skip outside the atmosphere.

For a vehicle capable of operating from CDmax to CDmin on its

drag polar, the optimum corridor boundaries are indicated by the practical

modulation undershoot boundary and the negative Cimax overshoot bound-

ary. However, the hypothetical lunar spacecraft considered here is a
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vehicle which is trimmed such that it is capable of operation only at

maximum lift-to-drag ratio. Reentry maneuvers are obtainable by the

roll control mode wherein reaction jets will be utilized. Therefore,

in the present range study for a typical lunar vehicle the undershoot

limit is taken as the constant L/D curve of figure 4. Although the

negative CI, boundary is practical, this paper has considered the

+L/D boundary as an operational overshoot boundary for the range con-

trol study of a vehicle returning from a lunar mission. The resultant

operational reentry corridor is about 35 miles in width. This appears

to be quite adequate from the viewpoint of midcourse guidance and con-

trol during the lunar mission. This allows for an extended reentry cor-

ridor to be utilized if emergency conditions exist wherein range control

will not be as important as survival.

AERODYNAMIC MANEUVERS FOR RANGE CONTROL

The longitudinal and lateral distance traversed by a vehicle during

reentry is dependent on many variables: entry velocity, entry angle

-y) L/D, -, orbit direction, the earth's rotation and oblateness,

and atmospheric disturbances. For this study only initial entry condi-

tions have been considered for a vehicle having an L/D of 1/2 and a

value of --- of 50 lb/sq ft. The maximum range control maneuver is
CDA

considored to be initiated at the velocity V, existing at the end of

the pull-up to the desired maneuver flight path as shown in figure 5.
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Roll Maneuver

A typical lunar vehicle will probably use only a roll maneuver to

control the reentry flight path. An example of the use of this maneuver

is presented in figure 6. Here the vehicle is required to maintain a

constant altitude trajectory initiated either at the bottom of the ini-

tial pull-up or at some later time. For this case, the vehicle must be

rolled to produce negative lift if the velocity is greater than circular

velocity, zero lift at circular velocity, and positive lift for velocities

less than the circular value. Obviously, large lateral ranges are

obtainable if the vehicle is always rolled in the same direction. The

lateral range aspect of this maneuver is discussed in some detail in the

lateral range section of this paper.

Maximum Range

A wholly atmospheric maneuver which yields maximum longitudinal

range is difficult to define. It is felt, however, that the constant

L/D equilibrium glide is a reasonable approximation. It is necessary

to modify this maneuver in the vicinity of V = 1 since a discontinuity

exists in the equations of motion wherein the vehicle's altitude approaches

infinity as its velocity approaches the circular value. For the initial

phase of this maneuver (Vi to V2 ) the vehicle flies at negative

(L/D)max. This is joined to the positive (L/D)max equilibrium glide

path by a constant dynamic pressure q maneuver, (P2 to V3 ). This

transitional phase is dictated by the necessity of maintaining adequate
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aerodynamic control. It is assumed here that 'al, ofo.

satisfies this condition.

Constant dynamic pressure may be maintained luring the t: ,-

tional maneuver in one of two ways: by rolling the venic>e . fix:<

pitch such that the lift vector is directed in the appropriate : irectior,

to maintain constant dynamic pressure and hence constant ieceleration

or by varying the pitch angle which incidentally maintains only conrstaz,

dynamic pressure and not constant deceleration. The fixed-pitch roll

maneuver was chosen in this study since this mode could be flown by a

pilot without additional instruments other than an onboard accelerometer.

The maximum range attainable from the point where the initial

pull-up crosses the equilibrium glide path for this maximum range maneu-

ver is

R 1 0 _ 1)+l g + 2(1)
re(L/D) = V22ge I--) + l V3271

It should be noted that the maximum range was obtained for cos 0 = 1

in the glide phases of the maneuver.

The abrupt changes in flight path shown in figure 5 for this maneu-

ver are of course impossible to achieve. The type of maneuver necessary

to change from one path to another has not been considered here but

represents a further field of study to be investigated.
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Constant Altitude Maneuver

Considerably shorter ranges are obtained bv the eon,: tqn ,-titic

maneuver in comparison with the constant L/D gli.te. However, i<

appears to be more desirable from a guidance and cortrol .tan-pornt.

This maneuver has no discontinuity at. V = I an1 for h rol1 con-

trol mood -,e necessary vehicle bank angle is obtainable 4,luating

the lift force to the sum of the gravity and centrifugal force,-. The

range equation for the constant altitude portion of reentry may t-hen be

written a,

-2
Cos (2

7 R = loge  '_ (2)re(L,/D 1 V- 2") (V 3

Initiating a constant L/D equilibrium glide at the end of the constant

altitude mole yields, for the total range from the point wher the con-

stant altitude maneuver is started to impact

cos -2 1 7'R +Ii

r = (1 + - .LOge -V, 2 . v l

In order to evaluiat the com-carative effects of using ,_.ih,' ,

roll .zontrol maneuver or the pitch control ,...neuve' "o .... tn ,ose t

altitude, the nonirtegrabl-, equatior2 of motion t'or the pitch control

ease were solved by numerical integ, in4,..on on , high-sp e! -igital :om-

puter. These result were obtained for a flat-bottome,i vebiele tssumi,

that Newtonian force relationships apply.
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Minimum Range

True minimal ranges may be defined only by a quite complex variable

lift maneuver which must be initiated immediately upon the vehicle's

entry into the atmosphere. For this reason an approximate method was

used here to obtain minimum ranges which are felt to be quite close to

the true values.

Approximate minimum ranges were obtained by assuming a constant lOg

deceleration from the point of peak g during the initial entry pull-up.

Fixed-pitch roll control was utilized such that constant dynamic pressure

and hence constant g load could be maintained. Obviously a constant

lOg trajectory could not be maintained to impact with the earth. However,

the velocity at which a lOg deceleration can no longer be maintained is

quite small in comparison with the initial velocity and is therefore

assumed to be zero. The range equation for this maneuver is

2- 2

R 1 + (L/D) Vgax
re 20

Controlled Skip

It is desirable to compare the maximum range attainable by a wholly

atmospheric maneuver with a maneuver which is controlled to allow a skip

to an altitude of 400 miles. In this maneuver constant altitude is

maintained at the initial pull-up point until sufficient kinetic energy

has been dissipated such that when the vehicle is rolled to = 0 the

desired skip will result. Digital computer results were used to obtain

the range for this controlled skip maneuver.
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A complete derivation of the range equations for these atmospheric

reentry maneuvers may be found in reference 25.

LONGITUDINAL RANGE

The ranges obtained with the atmospheric maneuvers considered here

are compared in figure 7 as a function of the velocity at which the maneu-

ver is initiated for a vehicle having a maximum L/D capability of 1/2.

Also shown is the initial value of the resultant deceleration, G1 . For

the oiger initial velocities the constant L/D equilibrium glide maneu-

ver yields much longer ranges than the constant altitude maneuver. The

constant altitude mode results in increasing range with decreasing ini-

tial velocity, since the deceleration level is lower for the lower

velocities, more than offsetting the decrease in initial kinetic energy

level. Considerable range increase is attainable by utilization of the

variable-pitch maneuver rather than the variable-roll maneuver since

the variable-pitch maneuver operates on a Newtonian drag polar between

CD for (L/D)max and CDmin; resulting in the vehicle flying at a

much lower deceleration level than for the variable-roll maneuver which

operates continuously at CD for (L/D)max.

The longitudinal range attainable for an (L/D)max = 1/2 vehicle

from the point of initial entry into the atmosphere is shown in figure 8.

As is to be expected, the controlled skip reentry maneuver yields by far

the greater longitudinal ranges. Unfortunately, this mode is critically

dependent on the velocity and path angle at which the skip is initiated.



Reference 25 points out that this mole is too 5LT:.tti l to_,a-c, unw -

rectable range errors to I ,o.si'Pred a reliable method of r cnge control.

The maximum range, constant L/D glide maneuver yi,-l rangr of' th

order of 6,000 miles near tie undershoot limit which appears aac ae

for the reduced reentry corridor utilized in this study. The con.: an.t

altitude (type B) curve is obtained by initiating constant altitu_: &t

the same point as the constant L/D glide and the constant altitude

(no skip) curve is obtained by maintaining constant altitude at the

bottom of the initial pull-up for as long as possible. Both o: these

maneuvers yield comparatively low ranges near the undershoot boundary.

The minimum indicated ranges were obtained by use of the constant

lOg deceleration maneuver. The available range overlap is defined as

the difference between the maximum range attainable at the undershoot

boundary and the minimum range attainable at the overshoot boundary.

Here the longitudinal range overlap is shown to be approximately

4,000 miles using the constant L/D equilibrium glide maneuver for

maximum range or 3,000 miles using the type B, fixed-pitch variable

roll constant altitude maneuver. It is easily seen that the optimtm

maximum range maneuver must involve a pull-up to regions of comparatively

low density followed by either the constant L/D equilibriium glide

maneuver or a constant altitude maneuver. A choice between these two

maneuvers must depend on th p 'th ±.'a .. Mlity to ex.cutc practical applox-

imations to these idealized maneuvers. This is, of course, also i-'ipiden'

on the choice of the vehicle control system. Currently, the liiinF
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candidate is the simplest possible approach: roll control oj ith

the fixed-pitch attitude for maximum L/D cont'rollei by tie c, -

of-gravity location.

It should also be noted from figure 8 that reducing the ]esign

operational reentry corridor width will result in increased ranlge overlap.

It is concluded that the performance of the L/D = 1/2 vehicle,

operating in the reentry corridor considered here, is adequate for the

safe return of the vehicle from a lunar mission.

LATERAL RANGE

Many previous studies of lateral range (refs. 18, 19, and 26) have

been primarily concerned with satellite reentry wherein most of the

lateral range is attained after the vehicle has reached comparatively

low velocities. In general, the lateral range traversed is small and

the sphericity of the earth can be neglected.

This is not generally the case for parabolic reentry velocities

however. Regions of high dynamic pressure are reached during the ini-

tial pull-up and large changes in heading angle may be attained. The

much larger lateral ranges thus available require consideration of the

earth's sphericity. The complete equations of motion including spherical

effects developed in reference 25 necessitate numerical integration on

a high-speed digital computer. A comparison of the lateral range attain-

able by both considering and neglecting the earth's sphericity for sew:ral

values of L/D is shown in figure 9. A middle corridor reentry wa,-
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considered for vehicles having a v4lue of CW = 50 lb/sq ft performingODA

normal initial pull-ups followed by the constant L/D equilibriu.m glide

maneuver at various constant bank angles. It is seen that large lateral

range errors are introduced by utilization of the cylindrical ear':;

approximation especially at the higher L/D values. Errors of the order

of 10 percent occur for the L/D = 0.5 vehicle and would be markedly

greater if the controlled skip maneuver were used indicating that even

for such low L/D vehicles the sphericity of the earth should not be

negl-ected.

The lateral range attainable by an L/D = 1/2 vehicle utilizing

the atmospheric modes previously discussed is presented in figure 10 aE

a function of the velocity at which the maneuver is initiated. As in

the case of longitudinal ranges, the constant L/D equilibrium glide

maneuver displays a significant increase in lateral range capability

over the constant altitude maneuver. The third curve shown here is the

lateral range obtained in reference 27 wherein the vehicle was pilot

controlled to a reference trajectory comparable to the constant altitude

reentry maneuver considered here. A further discussion of this curve

is included in the section on piloted reentry.

The control of lateral range for the constant altitude mode by

alternating the sign of the roll angle so as to alternate the direction

of' the resultant side force is presented in figure 11. As shown hero,

for a vehicle with L/D = 1/2 disallowing skips out of the atmospr,.,r-,

m-axirmum lateral range is attained by maintaining the roll angle an-.
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hence the side-force component of the lift vector in the same direc-

tion (OABCD). If no resultant lateral range is desired, a minimum of

one change in the sign of roll angle is required (OBH) or any number of

changes (OAJH). A desired lateral range less than the maximum requires

one or more changes in roll angle sign (OBFG or OCE). Obviously, this

method of controlling lateral range applies to all the reentry maneuvers

considered in this paper as well as the constant altitude maneuver.

AERODYNAMIC HEATING

In the design of a vehicle heat shield it is necessary to have an

extensive knowledge of the maximum heating rates and total heat loads

which the vehicle will encounter during its entry into the atmosphere.

Two types of aerodynamic heating exist: convective and radiative. For

reentry at parabolic velocities the radiative heat load is less than

about 15 percent of the convective heating and has therefore not been

considered here. In figure 12 is shown the maximum stagnation point

convective heating rate encountered during reentry as a function of the

total heat load for several of the maneuvers considered here. The

vehicle in this illustration has an L/D capability of 1/2, a value

of W A of 50 lb/sq ft and a nose radius of 1 foot.
CDA

Increasing the maximum g level (approaching the under shoot bound-

ary) results in higher maximum heating rates and lower total heat loads.

Also, for a given initial entry condition the constant g reentry

maneuver yields lower total heat loads than either the constant altitude
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or constant L/D maneuvers. As is to be expected, the constant L/D

mode results in maximum total heat loads. This figure once again indi-

cates the superiority of the maneuverable vehicle over the nonmaneuver-

able vehicle. The heat loads indicated here are well within the capabil-

ity of proposed heat shields.

PILOTED REENTRY

In consideration of reentry from a lunar mission it is necessary

to determine the capabilities of a pilot in flying the reentry maneuvers

of interest. Basically, pilot simulation studies (refs. 26 and 27) are

concerned with three factors:

1. Ability of the pilot to make the pull-up transition maneuver.

2. Ability of the pilot and the guidance and control system to

achieve range control.

5. Optimum instrument displays to facilitate 1 and 2.

The six-degree-of-freedom analog simulator study carried out by

Moul, Schy, and Williams utilized the instrument display presented in

figure 13 and was concerned with only the first of the above factors.

The angle-of-attack meter and "8" ball are used by the pilot to set

angles of attack and roll prior to initial entry into the atmosphere.

Velocity, altitude, and acceleration are monitored during reentry. It

was found in this study that the inclusion of an altitude rate meter in

the instrument display was quiLe helpful In1 allowing tht piloL Lo suc-

cessfully pull-up and fly a constant altitude maneuver. (Type B of fig. 5.)
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In this study the pilot was required to enter the atmosphere at

constant CL near (L/D)max and pull-up to zero flight-path angle at

an altitude of 210,000 feet. Entries considered were: a steep entry

near the undershoot boundary; a shallow entry near the overshoot bound-

ary; and a middle corridor entry.

After the pull-up to zero path angle, lift was modulated by the

roll-pitch maneuver wherein negative lift is obtained by rolling the

vehicle 1800. Constant gain automatic rate dampers were employed for

all three axes. A two-axis side-arm controller was used for pitch and

roll control and foot pedals for yaw control.

It was found that the pilots considered these three entry types

(fig. 14) comparatively simple with all dampers operating after some

initial familiarization with the task to be performed. However, entry

with all dampers inoperative was considered to be unacceptable except

for emergencies where range control is a secondary problem. The type

of vehicle used, a blunt-faced, high-drag body with (L/D)max = 1/2, is

particularly susceptible to aerodynamic control cross coupling. Loss

of either the yaw or roll dampers was not considered to render control

of the vehicle hazardous.

Foudriat and Wingrove (ref. 28) studied several reentry guidance

and control techniques for reentry at parabolic velocities. Among these

were: reference trajectory techniques; repetitive prediction techniques;

and pilot controlled techniques. In the reference trajectory procedure

the control feedbacks were developed for successful operation of the
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system. The repetitive prediction system utilized a rapid-time analog

computer to predict the range capability from the present conditions.

The pilot's intelligence and learning capabilities were used to provide

the guidance logic and the control commands in the pilot controlled

techniques.

The range capability of each of these techniques is presented in

figure 15 for a blunt-faced, high-drag vehicle having an L/D capability

of approximately 1/2 and a value of W . of 50. Here, the minimum and
CDA

maximum longitudinal ranges have been obtained throughout the reduced

reentry corridor previously discussed. The repetitive prediction tech-

nique was shown to yield very good control of the initial peak decelera-

tion and hence minimal ranges. In this preliminary study, no attempt

was made to approximate any of the particular flight modes analyzed in

the present range study. The pilot practiced an arbitrary type of maneu-

ver wherein a pull-up, initiated upon entering the atmosphere, was ter-

minated at an altitude of about 250,000 feet with a velocity varying

between 25,000 and 27,000 ft/sec. This is a flight plan most nearly

approximated by the equilibrium glide maneuver of the present study.

The piloted ranges thus obtained are far short of the theoretical values

obtained here using the constant L/D equilibrium glide method. It

appears, however, that the velocity at which the coast altitude is

reached may be increased with further system refinement and pilot

schooling resulting in longitudinal ranges considerably closer to the

optimum values obtained here. Further research in this field is pres-

ently being pursued at Langley.
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As was indicated in figure 10, optimum lateral ranges are more

nearly obtainable by present guidance systems than optimum longitudinal

ranges. This is primarily due to the fact that full available side

force may be used at all times during reentry without regard to skipping

out of the atmosphere, as in the case of longitudinal range control.

Extension of the present piloted longitudinal ranges will naturally

provide some further increase in lateral range.

CONCLUSION

Uncontrolled reentry at fixed L/D is found to be unacceptable for

the lunar mission. A maneuverable reentry vehicle is shown to possess

a much larger available reentry corridor and relatively good range con-

trol. For maximum range control capability the vehicle must be equipped

with aerodynamic controls. Such a vehicle, with an L/D capability

of 1/2, would have a reentry corridor some 52 miles in width. For

nominal design purposes, if a 35-mile corridor depth is used, this vehicle

would be able to reach its prescribed destination from any extremity of

the reentry corridor with at least a ±1,500-mile-range margin. Utilizing

such a reduced reentry corridor eliminates the need for aerodynamic con-

trols if the vertical lift of the vehicle is varied by rolling the vehicle

in a fixed-pitch attitude, i.e., by proper choice of the center of gravity

such that the vehicle is self-trimmed at the attitude for maximum L/D.

Except in the case of minimum desired ranges, the sphericity of

the earth must be considered for lateral range calculations at parabolic

reentry velocities.
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A human pilot is capable of performing the basic maneuvers required

for range control if artificial rate damping about three axes is provided.

However, the maximum longitudinal ranges so far obtained in piloted

simulator studies are much less than those obtained theoretically. This

is due to the kinetic energy lost in the transition between the pull-up

and the glide maneuver. With system refinement and pilot training it

should be possible to perform this maneuver with considerably more energy,

economy, and greater range control.

Finally, it is concluded that a vehicle with an L/D capability

of 1/2 is quite adequate for the limited lunar mission requirements.
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Figure 1.- Comparison of "Uncontrolled" and "Controlled" entry.
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Figure 2.- Uncontrolled reentries.
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Figure 12, Convective heat loads as affected by reentry mode.
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Figure 13.- Pilot instrument panel.
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